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SUMMARY
Therateequationforthedissociationf air,basedon simple-
col~siontheory,andthenumericalvaluesofthefactorsthatenterit
arediscussed.we rateequationandtheconservationequationsfora
flowingdissociatingg% aresolvedfortheconditions(aftertheadjust-
mentofvibrationistakenintoaccount)behindnormalshockwavesat
Machnumbersof LO,12,and14. As a result,theprocessof thermal
dissociationf airis shownfromitsinitiationto itsapproachto
equilibrium.
Theresultsareapplicableto a rangeofdensities,andtheMach
numberrsngecoversthetaperaturerangebetweena temperatureb low
* whichlittledissociationccursanda temperatureabovewhichelectronic
excitationandionizationmsyhavetobe takenintoaccount.Thedistance
requir&lfora moderatelylargefractionoftheoxygentodissociate
varieswidelywithMachnuniberanddensity,frcma fractionof a mill3-
metertohundredsofmeters.Thedissociationfnitrogen,however,is
tooslowformuchdissociationto occurwithina minimumdistenceof
about20meters.Ithas,therefore,beenestablishedthat,grantedthe
theoryandthenumericalconstantsused=e accurate,thedissociation
ofnitrogenoutsidetheboundarylayercsmnothavesnysignificantaero-
dyusmiceffectat anyaltitudeatMachnumberslessthau14.
IIWRODUC!TION
Theshockwavesthatwillbeproducedby flightatthehigherhyper-
sonicspeedswillresultinhighairtemperaturesthatwillcauseat
leasta partialdissociationf themoleculesof airintoatoms.This
dissociationrepresentsa heatsinkthatmightconcein%lyalleviatethe
problemof aerodynamicheating.On theotherhand,
conductivityof atcmsorthereleaseofheatby the
atomson thesurfaceofthevehiclemightsggravate
~
thegreaterthermal
recombinationf
theproblem.
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Becausedissociationisnotsninstantaneousprocessbutoccursat
a finiterate,itfollowsthata thoroughunderstandingof aerodynamic
heatingathypersonicspeedsrequiresomeinformation theratesof *“
dissociationa dofrecombination.Thepres~~tpaperis concernedwith
calculationsofthetemporalandspatialratesofdissociationfollowing 9
normalshockwavesandoftheapproachtoAssociativeqtilibrt~.
::
OtheravailQblecalculationswithregardtotherateofdissociation
of airsrethosepresentedby BetheandTeller(ref.l). Thepresent
calculationsdifferfromBetheandTellerrsin a numberofrespects.i%
thepresentpaper,=thedissociationprocessisfollowedfromitsiniti-
ationto itsapproachto equilibrium;whereasinreference1,onlythe
ratesatvarioustemperaturesandthefinalconditionseregiven.Bethe
andTellerdonotshowas suchthevariationofthedegreeofdissociation““ ‘
or thevariationofthestatevariableswithtimeordistancebehindthe
shockwave. fithepresentpaper,furthermore,theresultsofthecalcu-
lationsaresopresentedthattheya~ly to a rangeofairdensities;
whereasinreference1,onlyonedensitywasused,anditwasnotvery
representativeofthehighaltitudesatwhichhypersonicfllghtmust
occur.Otherdifferences%rethata somewhatdifferentequationisused
hereinfortherateofdissociation,enequationisderivedfortherate
of recombination,anda significemtlydifferentvalueisusedforthe
dissociatione ergrofnitrogen.
~--
ThepresentcalculationsarebasedonSfmple-collisiontheory.
Becausecertainumericalfactorscsnnotbe evaluatedby thistheorybut
mustbe determinedby experiment,smdbecau’seno‘experimentsonoxygen P
ornitrogenhavebeenreported,valuesofthesefactorshavebeenused
thatwerebasedonconsiderationftheaviflableexperimentalresults
withotherg~es. Becauseofthelackofdirectexperimentandbecause -
ratesofdissociationmsydependtosaneextentonquantumechanical .-
effectsthatarenottakenintoaccountby-thesimple-collisiontheory,
theresultsofthepresentcalculationsshouldbe consideredtobe uncer-
tainwithinperhapstwoordersofm~itude~ Thislargedegreeofuncer-
taintyis,however,insomecasesnotimportant- forexsmple,inthe
caseinwhichthecalculationsshowthata significantdegreeofdissoci-
ationdoesnotoccuruntiltheairhasmovd 1(?metersbehindtheshock
wave.
ThecalculationshavebeenmsiiefornozmalshockwavesatMachnum-
bersof 10,Y2,snd14,whtchcovermostof_therangebetweentwotemper-
atures.Belowonetemperaturethere.islittledissociation,sndshove
theother,electronicexcitationsndionizh%ion~ havetobe takeninto
account.Thefree-streamtemperatureforallconditionswastakenas
3000K.
Becauseadjustmentofthespecific
molecules,followinga thermaljump,is
._
heatsof airtovibrationofthe
..-
a_muchfasterprocessthanthe u
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processofdissociation,theeffectsofthisadjustmentontheproperties
oftheairandonthevsriablesof statewerecalculatedandtakeninto
accountssthoughtheywerecanpletebeforetheprocessofdissociation
begsn.
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speed.of sound,cm/sec
activationenergies,ergs/mole
.
constantsintheconservationequations
dissociatione ergy,ergs/mole
freeenergy,ergs/mole
Boltzm~’s constsnt,1.38x lo-ti ergs
molecule-%
3specificrateconstantfordissociation,=0 e~le sec
.
~b
specificrateconstantforrecombination,
molecule2-sec
equilibriumconstant,molecules/cm3
equilibriumconstsnt,atm
molecularweight,~/mole
averagemoleculsrweight,
Loschmidt’snumber,2.687
Machnumiber
Avogadro’snrmiber,6.02x
pressure,dynes/cm2
gin/mole
x 1019molecul;s
aim-cm
~023molecules
mole
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stericfactorP
R
t
T
u
u
z
B
$’
gasconstant,8.31x107
mii%%?iz
time,sec
temperature,%
velocity,cm/sec
unspecifiedmoleculeoratcm
collisionrate,Collisions
cm5-sec
energycontentpermoleculedividedby kT
ener~ contentpergramdividedby p/P
7 ratioofspecificheats
7 aversgevalueofratioof
P reducedmolecularweight,
P massdensity,gm/~
a moleculardiameter,cm
specificheats
~/mole
—.
T durationof collision,sec
() concentration,molecules/a3
Subscripts:
1 free-stresmtation
2 stationbehindshock
sre,inequilibrium
3 stationbehindshock
4 stationbehindshock
inequilibrium
-.
wavewheretranslationa drotation
wavewherevibrationisinequilibrium
wavewheredissociationfoxygenis
.
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stationbehindshockwavewheredissociationfnitrogen
isin eqyililmium
7
.
0
w?
initial,exceptforAvogadro’snumberandIoschnidt’snumber
THEORY
Whenairpassesthrougha strongshockwave,therefol.lowsa conver-
sionof energgofdirectedtrsmslationalmotionintoothermanifestations
of ener~jsuchasrsndomtranslation,rotation,vibration,anddissoci-
ation.Becausethetemperatureof a gasdependsontheenergyofrandom
translation,whenener~ istrsmsferredintothismanifestation,the
temperatureofthegasrises.If,at a s@sequentthe, a portionofthe
ener~ ofrandomtrsmslationis convertedintoothermodes,thetemper-
aturefalls.Becauseofdifferencesinthemagnitudesofthetime
requiredforthevariousprocessesto absorbtheirequi~briumsmounts
of ener~,consideringthemto occurseparatelyad consecutivelyresults
ina goodapproximation.Thevariationoftemperaturefrmnitsfree-
stresmvalueto itsvaluefollowingestablishmentofthermalequilibrium
can,therefore,be representedas inthefollowingschematicdi~sm,
betweendifferentinwhichdifferent(sndnonlinear)scalessreused
(2)
Station
(1)
I
Time
Station(1)representsconditionsinthefreestreemaheadof theshock
wavewherethetemperatureis lowenough(300°K forthepresentcalcu-
lations)thatvibrationofthemoleculesisnotappreciablyexcited.
Rotationofthemoleculesis,however,ccmrpletelyexcited,andthevalue
oftheratioof thespecificheats y is 1.4. Station(2)represents
conditionsbehindbutverycloseto theshockwavewheretranslation
androtationtiesgainin equilibrium,butvibrationis justbeginning
tobe excited.
dissociationto
G sufficienttime
At-station(3),vibrationisfullyestablished,but
a firstapproximationisonlybeginning.At station
haselapsedforthedissociationf o~gen toreach
(4),
b
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equilibrium;andatstation(~),thedissociationfnitrogenis in
equilibriumandthetanperaturehasreacheditsequilibriumvalue.
AdjustmentofTranslationa dRotation
Station(2)representsconditionsbehindbutveryclosetotheshock
l
wave. Thethermaljumpacrosstheshockwavethrowsthetranslational
androtationaldegreesoffreedomtemporarilyoutof equilibrium,but
onlya fewcollisionsaresufficientto establlshequilibriumnotonly
ofthetranslationalbutalsooftherotationaldegreesoffreedom
(ref.1). Station(2)thenistakentobe-onlya fewmeanfreepaths
behindthefrontoftheshockwave. Althoughthetemperatureat sta-
tion(2)ishighenoughforthevibrationaldegreesoffreedomtobe
excited,sufficienttime(ora sufficientumberofcollisions)hasnot
passedforthemtobe appreciablyexcited,and
heatsremainsat 1.4.
Conditionsatstation(2)are,therefore,
Eugoniotequationsfora normalshockwaveas
theratioofthespecific
calculableby theRankine-
~=
T1
Ill
—=
U2
Pa
—=
‘1
(1.%,1)2
Pa ~8%a,12
—=
‘1 1 + 0.**,12
%a,22
Adjustmentofthe
stations(2)and(3).
} (1)
= %a,12 + 5
7%3,12-1
I
AdjustmentofVibration
.-
vibrationaldegreesoffreedon”occursbetween
Thisprocessrequiresa numberofcollisions(or
a timeor”distance)thatis largecompsredtiththatrequiredforadjust-
mentoftrsmlationandrotation,butis smallcomparedwiththatrequired
forestablishmentofdissociativeequilibrium.As discussedextensively
inreference1,thenumberofcollisionsrequiredfortheestablishment
ofvibrationalequilibriumofoxygenandnitrogenmoleculesisvery
~CJ4m 3634
difficultto establish
theoryandexperiment.
. atures),however,that
accuratelyQn thebasisofthe
Theestkted valuesme such
thettierequiredismuchless
7
curreMstateof
(100athightemper-
thanthatrequired
fordissociation,andneitherthetimenorthedistancerequirediidis-
cussedfurtherinthepresentpaper.Theconditionsat station(3)must
. be calculated,however,beforecalculationscanbemadeoftherateof
dissociation.
Thechsmgein conditionsbetweenstations(2)snd(3)isherein
consideredto occurina singlestep,andconditionsat station(3)are
calculatedfrcmthoseatstation(2)bymeansofthethreeconservation
equtions.At station(2),fivedegreesoffreedomf areactive,and
theratioof specificheatsis
=f+2=14
7— f“
Since,atthisstation,dp’/dTiszero,
(2)
(3)
At station(3),iftherewereno effectsof electrordcexcitation,
d anharmonicityofvibration,interactionbetweenrotationandvibration,
andstretchingdueto thecentrifugaleffectsofrotation,thevalue
of pl wouldbe 4.5. Reference2 shows,however,that,overtherange
. oftemperatureinvolvedherein,theaveragevalueof p’ forthenitro-
genmoleculeis ~out 4.6andfortheoxygenmoleculeisabout4.9.
Accordingly,a valueof4.7forairwasadoptedforusehedein.
ll?heequationsforconsenationofener~,msss,sndmomentumbetween
stations(2)and(3)arethen,respectively,
~2P3 3 P2 U22
4.75+T —+—== 3.5~2 z c1
P3U3= p2u2= C2
(4)
(5)
P~ + P3& 2 (6)= P2 + P2U2 = C3
~ese threeequationscanbe solvedfor
4.7P3P5+0.5c22
P3l Fromequations(4)aud(5),
= C1P32 (7)
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Franequations(5)and(6),
4.7P5P3+4.7C22=4.7C3P3
Fromequations(7)and(8),
C1P32- 4.7c3P3+4.2c22= O
and
4.7c3+ /(k,7c3)2-16.8c#
P~= 2C.
(8) .
.
(9)
(onlythepositivesignshouldbe usedaheadoftherootinorderthat
thesecondlawofthermodynamicsnotbeviolated.)
Thevelocityu3 isthengivenby equation(5)endthepressure
p3 by equation(6)or equation(4). Thetemperature~ isgivenby
thegeneralgaslaw
P3 =;P3T3 -- (10)
.
inwhichthemoleculsrweightM is 28.8gin/mole.
RateEqutionsforDissociation
Theprincipalpurposeofthepresentpaperisto calculateconditions
(asfunctionsofthe ad distance)betwee~stations(3)and(5). In
ordertomakethesecalculations,itisnecesssrytohave(1)an expres-
sionfortherateatwhichdissociationccurs,(2)anexpressionforthe
rateatwhichrecombinationccurs,and(3)equationsthatexpresscon-
servationof energy,mass,andmomentum.Thepresentsectionisdevoted
to a derivationoftherateequationfordissociationa dto a discussion
ofthechoiceofnumericalvaluesforthequsmtitiesthatappearinthat
equation.
Thesimplephysicalpictureofdissociationthatisemployedherein
isthatthegasiscamposedofdiatmnicmolecules,thatthetwoata,.._ ._
of eachmoleculeme heldtogetherby a ratherstrongbindingforce,snd
thatatstation(1),aheadoftheshockwave,the
is lowandthekineticenergyofrandomotionof
enoughthatonlya verynegligibleportionofthe
tanperatureofthegas
themoleculeissmall
moleculesisdissociated.
u
w
2T
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At station(3),wherethetemperatureofthegashasbeenraisedconsid-
ersl.yby passagethrougha shockwave,theenergyofrandmntrsnslational
.
motionhasbeenincreasedenoughthata nonnegllgibled greeofdissoci-
ationispossible,becausein an appreciablefractionofthecollisions
. thekineticenergyinvolvedisgreatenoughthata collisioncanresult
inbreakingof thebindingforceandintheseparationof a moleculeinto
twoatoms.
Thepresentcalculationsoftherateofdissociationhavebeenbased
on simple-collisiontheo~. Theonlyothertheorythatmightbeconsid-
eredistheactivated-canplextheoryof absolutereactionratesofJ&ring
andothers(ref.3). Useofthistheory,however,wasnotpracticable
becausethepotential-energysurfacesthatarerequiredapparentlyhave
notyetbeencalculatedforo~gen ornitrogen.A fundamentalweakness
ofthecollisiontheoryisthatcomplicatedrateprocessesthatinvolve
importantqusntumechanicaleffectscannotaccuratelybe describedor
predictedexceptby quantumechanicalorwavemechanicaltheory.Whether
thedissociationf o~gen andnitrogeninvolvesimportantquantunmechani-
caleffectsisnotyetknown.At anyrate,theseeffects,ifpresent,
wouldnotbe takenintoaccountby thesimple-collisiontheory.The
resultsof calculationsof ratesby thistheorycsm,therefore,notbe
dependedupontobe accuratewithinsanefactorthatmsybe as lsrgeas
oneortwoordersofmegnitide.
<
Thecollisiontheorypostulatesthattherateatwhichmolecules
aredissociatedintoatomsdependsontherateatwhichcollisionsoccur
. inwhichsufficientenergyistransferred.Therateofdissociationis
customarilycalculat&dastheproductofthreefactors:(1)therateat
whichbinaryCOl~SiOIIS OCCUr, (2)thefractionofthesecolXsionsin
whichsufficientenergyis involved,and(3)thefractionof collisions
involvingsufficientenergythatactuallyresultsindissociation.
Thefirstofthesefactors,therate-atwhichbinsrycollisions
occur,.neednotbe derivedherein,asthedeviationis straightforward
andisgivenin severaltextbooksonthekinetictheoryofgases,on
statisticalmechsmics,andongsseousreactions.
atwhichbinsrycollisionsoccurbetween02 end
exsmple,is
Therate,in Co&sions,
cm -see
U molecules,for
%2 + au2 1/2
( )(U)( ) ()
1/2 %2 +%
Z02= —(1:2)02 (21cRT)2 %*
(11)
Thesymmetryfactor(1,2)
culesareofdifferentspeciesQ
.
is equalto 1 ifthe
andis equalto 2 if
twocollidingmole-
theyareofthesame
species.Immediatelybehindtheshockwave,79percentofthe U.mole-
culesarenitrogenmoleculesand21percentareo~genmolecules.As
dissociationproceeds,thepercentageofmoleculesdecreases(oxygen *
decreasesfasterthannitrogen)andthepercentageofatomsincreases.
Thediametersandthe”molecularweightsoftheatcmsdifferfromthose —
ofthemolecules.Theprocedureadoptedhereinisnottowriteaver=e
*-
valuesof concentration,dismeter, -—sndmolecularweightforeachstage
oftheprocessbutto includeintheequationa sepfiate”
constituentofthegas. Furthermore,inasmuchasrates
ofbotho~genmoleculesandnitrogenmoleculeswithall
particlesareneeded,sepsratequationsarewrittenfor
nitrogen:
z~2= (2)(“2)2(”02)2(aRT)@* ‘/2+
2(”2)(”)P: “Or@@l’2&2;%)1’2
termforeach -
ofcollision
speciesof
oxygensmdfor
+
+
.
(12)
+
(13)
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Thefirstof severaldifficultiesoruncertaintiestobe encountered
inthepresentcalculationsi nowappsrent:theexactnumericalvalues
tobe assignedtothemoleculsrdismetersaxenotknown.Thekinetic
theoryofgasesenablestheeffectivecollisiondiameterforthevwfous _
trsnsportphenanenatobe calculatedfrmnexperimentalmeasuranents:for
transferofmcunentum,frcmmeasurementsofviscosity;fortransferof
energy,frommeasurementsofthermalconductivity;andfortrsnsferof
mass,frommeasurementsofrateofdiffusion.Theresultsby various
methodsdo notagreeexactly,butusuallyagreewithinapproximately
10percent.Kennard(ref.4) regsrdstheresultsframviscosityasprob-
ablythemostreliabledatawithregardto collisiondiameters.For
thisad otherreasonstobe givenpresently,thevaluesof u obtained
by thismethodformoleculsroxygenandnitrogenhavebeenusedinthe
presentinvestigation.Thevaluesof a tskenfromChapmanandCowling
(ref.~) are
C702= 3.6x 111-8centimeter
UN ‘2 3.8x 10-8centimeter.
!l?hedatalistedby ChapmansndCowlingalsoshowthatthefollowing
trendsareapproxtiatelytrue:Fora monatomicgas, a is about75per-
centas largeasthe a fora diatom.icgasofthessmemoleculsrweight;
andfora monatomicgas, a is about75percentas largeasthe u for
anothermonatanicgasoftwicethemoleculsrweight.On thebasisof
thesetrends,themoleculardismetersforo~gen andnitrogenwere
chosenforusehereas
do = 2.0X 10-8centimeter
(yN = 2.1X 10-8centimeter
Thefol.lowhgreservationswithregardto thechoicesof ISshould
be noted.Inthefirstplace,theuseof a valueof a calculatedfrcm
measurementsofviscosity,whichis a manentum-transferprocess,csn
scarcelybewhollyjustifiedin ener~-transferp ocesses.b thesecond
place,a maybe a functionofrelativevelocitiesand,consequently,
oftemperature.However,thefunctionisunknownbecausetheexactvari-
ationofmolecularforceswithdistancethatshouldbe usedin calculating
a frcmmeasurementsofviscosityisnotknown.(Themdel usedinref.5
forcalculatingu wasa smooth,rigid,elasticsphere.) Onemightcon-
sider,forexample,usingSutherland’smodelforcalculatinga,butone
couldnotreallywhollyjustifysucha refinement.
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Thesecondofthefactorsthatmakeup theexpressionfortherate
ofdissociationisthefractionof collisionsinwhichsufficientener~
is involved.(Sufficientenergymeansenergyequalto orgreaterthan -
thedissociatione er~ D.) A diatmnicmoleculehasenerg oftranslation,
rotation,”andvibration.Dissociationccurswhenthevibrationalenergy
exceedsa certainvalue.However,thesimple-collisiontheorydoesnot
d
tellwhichofthethreeformsof ener~ (orwhatcombinationfthem)is
importantoreffectiveinregardtotrmsfe.rofener~ tovibrationofone
ofthetwocollidingmolecules.Infact,it iscustcmary(asisdone
herein)to ignoretherotationalsmdthevibrationalenergiesofthecol-
lidingmoleculesWd to consideronlytheirtranslationalener&y.Even
—
so.,anotherdifficultyremains.Twopostulatesme stillclesrlypossible:
one,thatthetotalkineticenergyduetotherelativemotionofthetwo
moleculeshallexceeda specifiedvalue D, andtheother,t4atthekinetic “-
energydueonlytothereLativemotionalongthelineof centersatthe
momentof impactshallexceedD. Thesecondofthesepostulates1sthe
—
onethatisusuallyusedincalculationsofgaseousreactions.Asmany
textbookshow,theBoltzmannfactore-D/RTgivesthefractionof all
binsrycollisionsinwhich D is equaltoor lessthanthekineticenergy
-.
oftranslationduetothecomponentofrelativemotionthatliesalong
—
thedirectionofthelineof cente?%atthemomentof collision.Thisis
thefactorthatisusedinthepresentcalculations.Thefirstpostulate
leadstothefactor($+ $e-D/RT asthefractionofcollisionsin “*
whichtheenergyoftranslationissufficientto causedissociation.Refer-
ence1 usedthisfactorwiththe’11”emittedasa simplification. .
Thereare”tworeasonswhythesimpleBoltzmannfactore-D‘T was/
usedinthepresentinvestigation,in additiontothefactthatitis
usuallyused. Onereasonisthat,whentherelativeveloci~of trans-
lationoftwomoleculesisbrokendownintotwocomponents,onealongthe
lineof centersatthemomentof collisionandtheotherperpendicular
to thatdirection,itappesnthatthevelocityperpendicularto theline
of centersaffectsprincipallytheangularmomentum,ormutualrotationj
ofthetwomolecules;consequently,onlytheothercomponentofvelocity
mightaffect hetibrationofoneofthemolecules.
TheotherreasonfortheuseoftheBol.hmnnfactorisnowtobe
developed.Usually,orperhapsalwsys,anadditionalconditionismade
thatthereisonlya probabilityP andnota certaintythatdissociation
willoccurinthefractionof collisionsinwhichtheener~ requirement
ismet. Thisconditionisbasedontheasmimptionthat,inorderforthe
translationalener~of oneofthecollidingmoleculestobe transferred
intovibrationalenergy,someofthepossiblerelativeorientationsof
G-
thetwomoleculesaremoreeffectivethanothers.ThisprobabilityP
is,therefore,calledthestericfactor.Thereisnow~ ofestimating
P on thebasisof simple-collisiontheory,soreliancemusthe placedin
experiment.No experiments,however,havebeenreportedonthethermal
—
Jz—
.
*“
“.
.
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dissociationfo~gen or
notactuallygivea value
13
nitrogen.As a matteroffact,experimentsdo
for P butonlyfortheproductP#. Refer-
ence6 statesthatexpertientaldataontheratesofapproximatelysti
homogenecrus,bimolecular,second-order)gaseousre~tionscm be corre-
latedby thesimple-collisiontheoryifthesecondofthetwopostulates
aboutkineticenergyis accepted(reactionoccursonlyinthosecollisions
inwhichthekineticenergydueto relativemotionalongthelineof
centersequalsorexceedsD),ifmolecuk dismetersoftheorderof a
fewangstrms(thatis,oftheorderofthoseobtainedfromviscosity
measurements)we used,andifthestericfactoristakenclosetounity.
Furthermore,reference7 (pp.170and171)showsthat,forseveral
btioleculsrreactions,thestericfactorP hasa valuegivenapproxi-
matelyby theratioof theobservedrateofreactiona to thecalcu-
latedrateofreactionb whenthecalculationssrebasedontheBoltzmann
factor,andwhere
5X1..013<a<~X1014
lx <b<6x
A roughapproxhationto theaveragevalueof P franthisinformation
isbetween1/3and1. Forthepresentcalculations,therefore,the
Boltzmannfactorwasused,themoleculardiametersbasedonviscosi@
measurementswereused,andthevalueof P wastakenas 1/2.
A numericalcomparisonofthevaluesusedinthispaperwiththose
ofreference1 mightbe of interest.“Thepresentconsiderationshave
therateofdissociationfo~genproportionalto P = 0.5.Betheand
Tellerhavetherateproportionalto PD/RT where P = 0.01.
T, PD/RT
‘K (pres~tpaper) (ref.1)
4,000 0.5 0.15
8,000 l5 .08
I
Thecomparisonshowsthattherateusedinthepresentcalculationsi
severaltimesgreaterthanthatusedinreference1.
Thenumericalvaluesofthedissociatione ergiesthatwerechosen
forthepresentcalculationssrethelatestavailableandareprobably
thebestvalues.Thedissociatione ergyofoxygenhaslongbeenaccepted
as 117,200caloriespermole. Abetfervaluenowappesrstobe 117,960calo-
riespermole(ref.8),andthatvaluewasusedherein.Thedissociation
14
energyofnitrogenhsslongbeen
of 182,000caloriespermolewas
indicatesthatthemostprobable
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uncertain.Inreference1,a value
used.Recentevidence(refs.9 to U)
valueis225,100caloriespermole,
andthatvaluewasusedinthepresentcalculations.
Therateatwhichdissociationccurs,inmoleculesisgivenby
cm3.sec
theproductoftherateatwhichbinarycollisionsoccurZ andthe
ratioofdissociationsto collisionspe-D/RT.
- %= .02P5’%Pdt
Ifthevaluesof Z asgivenbyequations-(12)
Thus,
(l&.)
(W)
and(13)areused,numer-
.
.
—
—
icalvaluesaresubstituted.forth~various”co~tants,&d arithmetical
simplificationsaremade,therateequations(14)and(15)becmne
d
- %&=pmd +4-79(0)+7.1(W+
5.19(Nfll.15X10-U(02)@e-594~/T
and ‘
d(N2)
- dt [()= 7.102 +5.27(O)+3.85(N2)+
15.71(N)1.15X10-12(“w’ e-113340/T
RateEquationsforRecombination
(lfi)
(17)
Thepurposeofthepresentsectionistoderiveequationsforthe
rateofreccmnbinationof atamsintomolecules.Theseequationswillbe
usedforcomparingtheratiooftheratesofdissociationa drecombi-
nationwtththeequilibriumconstant.
—
..
Whentwoatomscodbine,a stablemoleculeis formedonlyif a portion
ofthebindingener~ isremovedby a thirdbdy andifmcmentumis con-
served.b otherwords,triplecollisionsarenecessg fortherecombi-
nationofatcmsintodiatcxnicmolecules.Ihorderto calculatetherate
atwhichreconibinationofatomsoccurs,thepostulateismadethatrecmn-
binationcanoccurintwoways. TWOatomscancollidesndif,during
theircollision,a thirdbodycollidestiththa, recombinationmsyoccur.
Or,anatomanda thirdbodycancollideandif,duringtheircollision,
anotheratcxncollideswiththem,recombinationfthetwoatansmsyoccur.
Themethodof calculationusedhereinisbssedontheideathat
triplecollisionscsnbe consideredasbinarycollisionsbetween,onthe
onehand,a collidingpairofpsrticlesand,ontheotherhandja-third
particle.An equationsimilarto equation(11)canbewrittenforrate
of Comsions. Then,multiplicationby theratioofrecmbinationsto
collisions(productof stericfactorand.oltzznsmnfactor)givesasthe
rateinmoleculesofrecombi~tionofoxygenatoms,fora~le}3cm -see
–=2(00)@r0:”u)’(aR+‘W’)dt
Here,(00)representstheconcentrationfpairsof O atms thatare
intheactofcol~dingwitheachother;and(oU),theconcentrationf
O and U particlesthatarein theactof collidingwitheachother.
ThestericfactorPoo.u is a measureoftheefficiencyof U as‘a
r-overofener~ andmomentumfroma pairof O at-~ end Pm.o is
a measureoftheefficiencyof U inremovingenergyandmomentumwhen
U is alreadyintemporarycol~sionwithan O atcmandthepairishit
by anotherO atom. ThequsmtitiesA ~ B me ~tivationenergies:’
thereactiontillnotoccuriftheenergiesinvolvedo notequalor
exceedtheactivationener~.
Of course,equation(1.8)isuselessuntiltheconcentrationsof
co~ding particles(00)and(OU)sredetermined.Theseconcentrations
willbeconsideredas equaltotherateatwhichthecollisionsoccur
multipliedby themeandurationof a collision.Thus,
9“
.
(Ou)= Tou~u
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By useof anequationsimilarto equation(11),thefollowingequations
result: .
(00)= 1/22 m()Too(o)(o)uo2(2m ~
and
(Ou)=2’ou(o’(u’(+r(aR
Theseequationaareconsideredto givetheaverageconcentrationof
particlesengagedinbinsrycollisionsatmy giveninstant.
(19) .
When(00)snd(0.)asgivenbyequations(19)and(20)aresubsti-
tutedintoequation(18),theresultis
W2)
dt—= 2(o)(o)(u)cfo2~~;~)2(aRT)(~)’’2p+y’2pm.uToo<./RT+ ~~ ;
(2)2r~:”or(~!’)~*)’’2~g&~)’’2pooT@ThT’hT (2,)” “’k(o)(o)(u)M
.
A similarequationcanbewrittenfortherateof reccmnbinationof
nitrogenatmm. tibsequenttothederivationoftheseequations,itwas
learnedthatHerzfeld(ref.13)hadused~thessmeconcept.Apparently,
ithasbeencustomaryusuallytomodifyHerzfeld:sideasmd to consider
collisionsbetweenthethirdbodysndeachofthetwopsrticlesthatare
intemporarycollisionwitheachotherratherthanto considercollisions
betweenthethirdbodyandthecomplexasa wholewhichhasbeenformed
by thetwocollidingparticles.Possibly,thereasonhasbeenthatit
wasthoughteasierto estimatethecolli.simdianeterofanatomthan
thatoftwocollidingatoms.Thisusualmodificationhasnotbeenfol-
lowedherein;thisisonereasonthattheequationsusedhereinare ~
slightlydifferentfromthosegivenintheliterature.(Seeforexam-
ple,refs.7 (P.177),M (p.78),15,smd16.)
Stillunevaluatedsxetheactivatione ergiesA and B, thesteric
factorP, andthecollisiondurationT“. Becausethepotential-energy
curveforoxygen,whichiswellestablished,indicatesthat A iszero
foro~gen,andbecauseno reasonisknownw~ theyshouldbe lsrgeenough
tohavea significanteffect,A and B aresssumedtobe zero.Onthe
basisof experimentsontherecombinationfbromineatomsdiscussedin
reference14 (pp.177and248),thestericfactorsforthatreaction v
.
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appeartobe oftheorderof 0.01. On thebasisof experimentsonreccan-
. binationdiscussedinreference7 (pp.179sad180),thestericfactors
appesrtohavevaluesmuchclosertounity.Theexperimentson thereccm-
binationof iodineatcmsreportedinreference16indicateaveragevalues
forthatreactionof approximately0.25.Forthepresentstudy,a value
of0.1waschosenforboth PM.U =d p~.o.
Themeandurationof a collisioncanbe definedastwicethequotient
ofthermge oftheintermolecularforcessndthemeanspeedofrandam
translation.h accordancewiththediscussioninreference1,a value
of3 x 10-9centimeterhasbeenusedhereinfortherangeof theforces.
Theaveragespeedis showminthetextbookstobe (8RT/tiw)l/2cm/sec.
Therefore,
() 1/2T = 6x 10-9‘& seconds (22)
No attemptismadehereintodefendthe@parentinconsistencyofusing
a muchlargervalueforthemoleculardius-c/2 thanfortherangeof
intermolecularforces.Thefactthat T asgivenbyequation(22)prob-
ablyhas
however,
approach
. shownin
abouttherightorderofmagnitude~10-~4to 10-13
be indicatedby a differentmethod.Considerthat
eachotherandthattheirpotentialenergyfollows
thesketch:
)secondcan,
twoatoms
thecurve
I
Internucleardistance
Afteronevibration,theatomswillagainseparate,unlesstheirexcess
energyisremovedby a thirdbody. Thedurationoftheirconjunction
thencannotexceedoneperiodofvibration,whichis about10-14to
10-13second.Itshouldbe emphasized,however,thatthevaluegiven
by equation(22)is an
orderofmagnitude.
.
apprmdmationandcanprobablybe wrongby an
18
Theeffectivediemeters
binarycollisionsweretdsen
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ofthetemporaryparticlesformedby the
as88percentofthesumofthedismeters
ofthetwocollidingpsrticlesin orderto Rivedismetersthatwereeqyal
to thoseof oxygensadnitrogenmolecules.‘Thus,
%0 = 3.6x 10-8centimeter
%02 = 5.0x 10-8centimeter
‘ON=3.7x 10-~centimeter
=ON2=5.2X lo~ centimeter
‘N02= 5.1.X10-8
Gm = 3.8X 10-8
am2 = 5.3x 10-8
Whensubstitutionismadeinthe
centimeter
centheter
centimeter
rateequation
.
—
(21Jfor T from
equation(22),substitutionsofnumerical
Stsllts, andnumericalsimplificationssre
therateof recombinationofoxygenatoms
followingequation:
valuesare“m~eforthecon-
made,thentheequationfor
in‘n-becomes the
cm -see
W32)=
dt [ J1*73X 10-36T1/2(0)217.1((32)+“-2.4(0)+ 19.5(N2)+ 7.6(N)
(23)
Equation(24) is a s~lar equation,stiilsrlyderived,forthereccan-
binationrateofnitrogenatoms:
LWJ2 =
dt [
1.73x 10-36T1/2(N)2I-9.8(02)+ 8.6(0)+ 22.6(N2)+ 3.1(N)
1 &
(24}
.
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ComparisonofEquilibriumConstants
A partialcheckontherateeqmtionscanbe madeby cmparingthe
valueoftheratioofthespecificrateconstantswiththevalueofthe
equilibriumconstantas calculatedby statisticalmechanics.
A specificrateconstantkd forthedissociationfoxygencanbe
definedby
A specific
definedby
theequation
qo2)
- — = kd(04(u)dt
rateconst=t ~ forthereconibination
theequation
1d (02dt = kr(0)2(U)
If,forsimpllclty,onlypureoxygenis considered,
ofo~gen canbe
equations(16)and
(23) indicate,respectively,thateachratecanbe writtenasthesum
oftworates.Thus,
%(02)(u)= %,1(02)2+ %,2(02)(o)
snd
~(0)2(U)= kr,l(0)2(02)+ ~,2(0)3 r
Whenthedegreeofdissociationis large,thefirsttermon the
right-handside
withthesecond
At equilibrium,
areequal,and,
of eachofthetwoprecedingequationsis smallccmrpared
term. Therefore,to a good
oreover,the
accordingly,
‘d %,2
—=
kr kr,2
approximation,
ratesofdissociationa drecombination
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But (0)2/(02)is justtheequilibriumconstant~. Themoreccamnonly
usedequilibriumconstsnt~ isrelatedto & by theequation .
Therefore,
Kp =~Kc273%
and,by useof equations(16)and(23),
%=*
.
—
Thermo@mmicsshowsthat ~ = e-AFO/RT@Thechangein free-energy
No csmbe calculatedfromspectroscopicinformationbymeansofstatis-
ticalmechsmics.An independentpartialcheck,ofsnorts,onthepresently ‘--
derivedrateequationsis,therefore,possibleby ccmparingthevalue” ,K
of ~ obtainedfromthecalculatedchangein freeenergyandtabul&ed ‘-
inreference17withthevalueof Kp obtainedfromtheratioofthe *
specificrateconstants.A cmnparisonismadeintableI. (Thevalues
takenfromref.17wereadjustedto takeintoaccounthedifferent
valueof thedissociatione ergyof o~ga,usedherein.)
Thelastcolumnofthetableshowsthattheratioofthespecific
rateconstantsforoxygen eedstobe increasedby a factorof6:1to8:I.
foragreementwiththeequilibriumconstsnt,andfornitrogenby a fat-‘---”
torof9:1. Thefactoris actuallysmallerthanmightbe expected.h
reference18,forexsmple,a factorofabout100wasneededintheratio
oftherateofdissociationf iodineandofbrominegascalculatedby
collisiontheoryto therateofrecombinationdeterminedexperimentally
by E.RabinowitchsmdW. C.Woodfortheequilibriumconstantsodeter-
minedto.agreewiththeknownvaluesoftheequilibriaconstant.~
reference19,a s“tiilarcomparisonwasmad-einwhichnewdataontherate
of reccunbinationof iodineatomswereused~.snda similarfactor(of
about100ormore)wasfoundtobe neededforagreement.(Theseresults
maypossiblyserveas additionalevidence-thatthesterlcfactorused
inref.lwas muchtoosmall.)
Althoughthefactorof6:1.to9:1thatisreqtiredintheratioof
thepresentrate~onstantsmayappesrtobe reasonablysmall,thefact
>
.
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shouldbe borne
theuncertainty
(17),(23),~d
21
inmindthatthisfactordoesnotnecessarilyrepresent
intherateconstantsthemselvesor inequations(16),
(24). Therateconstantsandtherateequationsmsybe
inerrorbymuchlargerfactors,theerrorsbeingpartiallycanceledwhen
theratiois taken.
FlowEquationsforDissociationProcess
At station(3)(seesketchonp. 5),thedissociationprocessbegins,
andatstation(5)ithascloselyapproachedequilibrium.Althoughit
canbe shownthatat equilibriumthestateof a gasdoesnotdependon
therateof approachto equilibrium(seeref.1),atanystationx
betweenstations(3)and(5)thestateofthegssdoesdependon the
degreeofdissociationat thatstation.Becausethegasis assumedto
be flowlngandnotstationary,calculationsof itsstateatanystationx
aretobemeilenotonlyby useoftherateequations(1-6),(17)}(~)~
snd’(2k),butalsoby useofflowequationsbasedon conservationfma8s,
momentum,andenergy.Suchequationsaredevelopedinthepresentsection.
Thegeneralgaslawforpartiallydissociatedairis
where
and
P
Theequation
nitrogenatomsto
combined,is
Conservation
28(N2)+ 14(N)+32(02)+ 16(o)
(N2)+ (N)+ (02 + (0)
[()
1
=~28 N2 + 14(N)+ 32(02)+ 16(0)No
(25)
(26)
(27)
thatexpressesconsenationoftheratioofnmber of
numberof o~gen atcms,whethertheatcmsarefreeor
2(N2)+ (N)= ~~(02) + (OZ
fmassgives
pu=pu =C233
(28)
(29)
.
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Theintegratedformoftheequationof
p+pup = p) + P3U52
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motionis
=
C3 (30) -
Theequationforconservationfenergyisnotsoeasilywritten
downbutmustbe derived,asisdoneinthefollowingdiscussion.For
exsmple,if PN2kTis theenergycontentof a moleculeofnitrogen,
theinternalener~ inthenitrogenmoleculesinunitvolumeof airis
~N2kT(N2)andthetotalinternal-energycontentof airis,in ergs/cm3,
[ 1kTpN2(N2)+ I+@ + Po2(02)+ @)
(Thenotationusedhereindiffersfromthatinreference2. Thequsntity
P~22 )asusedherein,hasthesamemeaningas B(N2) inref.2. As
ordinsxilyconceived,theequationforconservationfener~ iswritten
intermsofunitmassoffluid.Divisionoftheprecedingexpression
by p thengivestheinternalenergycontentpergrsmof air:
N2(N2)+ ~N(N)+ ~02(02)+ ~o(”)
28(N2)+ 14(N)+ 32(02)+ 16(o)
Thesumoftheinternalenergyofa gramoffluidanditskineticenergy
ofdirectedmotionu2/2 mst be constantatallstation,exceptfor
theener~thatgoesintodissociatingthegasmolecules,andprovided
thattheexternalworkdoneonthegasi~’includedinthe“internal
ener~”andtheworkofdissociationisnotsoincluded.Theenergy
thatis absorbedindissociatingthenitrogenin a unitmassofgascan
be seentobe
%2(N)
2PN0
.
.
.—
.
.
—.
.
Withthisdissociatione er~taken
specificationofthemeaningof p,
intoaccountandwiththeaforementioned
theenergybalancequationis
-.
‘T~N2(N2)+ h+Nl + P02(02)+ ~0(0~ + ~2~+’
28(N2)+14(N)+32(OJ+L6(0)
%2(N)+%2(0) N2(%)3+~02(02)+“#=c~=Rc4”— (30 -
(N2) + ti(N) + 32(02) + I-6(OJ = 28(N2)3 + 32(02)3
.
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Thisequationiswrittenasthoughthequantitiesj3 erenotfunctions
oftemperature.Reference2 hasa listingofthevaluesofthevariousl
quantitiesp whichshowsthatconsideringthemconst=tgivesa good
approximationvertherangeoftemperaturesconsideredherein.The
. averagevalueschosenforthepresentcalculationsare
~N2= 4.6
~N= 2.7
~02= 4.9
P()= 2.6
Furthermore,thevaluesgiveninreference2 forthequantitiesp meet
thespecificationsmentionedpreviously:theyincludetheexternalwork
butdonotincludetheenergythatisusedindissociation.(Accordingly,
thevaluesof B donotneedtobe correctedforthedifferentvalue
of %2 usedhereinas comparedwiththevalueusedinref.2.)
s Becausetherateequationscontainonlytheconcentrationssndthe
temperatureasvariables(besidestheindependentvariablet),and
becausetheflowequationsmustbe SOIVW simultaneouslywiththerate
equations,theflowequationswillbe reducedto onlytwoequations
(thetwofollowingequations) intermsoftheconcentrationsandthe
temperature.Theequationsofmotionandofmassconsemationcanbe
combined.Thequantityp is e~nated fromequation(30)bymesns
of thegaslaw(eq.(27)).Then,u is eliminatedbymeansof equa-
tion(29).Thequantities~ and p sreeliminatedby substitution
of equations(26)and(27),respectively.Theresultis
When u iseliminatedfrcmequation(31)bymeansof equation(29)smd
p is eliminatedbyequation(27),theresultis
[‘T ~N2(N2)+@)+ ~Q(02)+~0(0~ N02C22
.+
28(N2)+ 14(N)+ 32(02)+ 16(o) + 2@N~) + 14(N)-I-32(02)i-16(oI2
%2(N) + D02(0)
(33)
2~8(N2)+ 14(N)+ 32(02)+ 16(o~= ‘C4
.
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SolutionofEquations
Ifequations(I-6)and(23)sxecombinedtogivethenetrateof
dissociationfoxygen,if (N2)isewatedby meansofequation(28),
sndifequations(17)snd(24)areccnnbinedtogivethenetrateof
dissociationfnitrogenand(N2)is againeliminated,then
*= -~9*9(02) ( )@
/2e-59400/T+
+ 18.1(o)+ 1.6(N~I”I-5x~-w 02
#
@2(02) + 40(0)- 2.h(N~l.73x l~36(0)2T1/2 (34)
and
*‘W = p*4(%) + U2.4(0)+3*8(lYg~e76(%)+ l“~(o)-
0.5(N]1.15X10-12T1/2e-113340/T-
p*5(02) + ~1.8(0)- 8.4(N]1.73x 10-36(N)2~/2 (35)
If,furthermore,N2 iseliminatedfromequations(32)~d (33)
numericalvaluesaresubstitutedfortheconstants,then
L.38x10
‘16k76(02)+ 2-88(0)+ ‘*5(N)T + 6::~;2:& = C31 .L
22.2(02)+11.2(0)+o.4(~)T+
68.67~(o~)+ (OJJ
56,67W + 29,700(0)
68.67~(02)+ (On = C4
+
(36)
(37)
4T
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Fortheactualprocessof ccmputingtheratesofdissociation,scme
simplificationsweremade. First,itwasknownthatthedissociation
.
of o~genwouldbe showntobe essentiallycompletedbeforethedissoci-
ationofthenitrogenhadhsrdlybegun.Therefore,thecomputational
.
procedurewasstiplifiedbyccmrputingseparatelythedissociationf the
twog-es. Thedissociationf oxygenwascsrriedthroughalmostto
completion.Then,withthefinalconditionsforthatprocessasthe
initialconditionsforthedissociationfnitrogen,theccanputationof
thedissociationprocessofnitrogenwascsrriedout.
Second,itwaEknownthat,untilthedissociationwascloseto
equilibrium,recombinationwouldhaveanentirelynegligibleeffecton
thenetrateofdissociation.Therefore,theccmputs.tionsweregreatly
simpl.ifiedbynotusingthelasttermin equations(3) and(35).
Furthermore,itwasnoticedthat,becauserecombinationwasneglected,
thevariablescouldbe somodifiedthattheequationswouldbe independent
oftheinitialdensityoftheair. Therate
ad (35),withoutheirlasttermsweremade
densityby dividingth=by (02)02,whichis
oftheinitialdensity;thus,
(06)
;quations,equations(>)
independentoftheinitial
proportionaltothesquare
l
\
.
d ‘~
[
()02=
- 29.9 + 18.1&
d~02)Og ()020 0
7+]1.6 N 1.15x 10-~k)- @/2e-5Am/T02~ ()02 0 (38)
(N)d(02)
+u.4~+3.8~ 3.76f$+
*d~)oj=~’”4& (02)0 ][ O.
?]
N 1.15x 10-~1/5’e-113%0/T (39)1.88J&-o=5 02)0
Forthepresentcomputations,(N)in equation(38)and(02)in equation(39)
weretakenequalto zero.
.
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The
trations
flowequations.(eqs.(36)and(37)),inwhichboththeconcen-
andtheconstantsC2 and C3 (butnot c4)areproportional
to thedensity,weremadeindependentoftheifitialdensityin a similar
manner;thus}
[
’164.76()02 (0) 1(r?)~+1.38x10 ()02 0 + 2“W (02)0+ 0“5(02)0
C3
‘~
—
(40) -
-.
.(N) (o)5~1670pj--+ 29)7002
m
r 1&2),(0)068.672 (02)o(02)0
h the
be thoseat
AL
(41)
actualcalculations,theinitialconditionsweretakento
station(3). Thus)
.—
(02)0=(02)3
Becauseoftheaformmtionedmodifi~~tionsto theequations,
theresultsofthesolutionoftheequatitinsfor: givenvalueof To
areapplicablefarallinitialdensitiesandcanbe shownby a single
plot(foreach To)forallde~ities~withthefollowingreservation
beingkeptinmind. Therecombinationte~s thatwereomittedfrom
eqpations(38)and(39)areproportionalt: a higherpoweroft~econ-
centrationthanarethedissociationterms.Consequent,athighden-
sities,eq’ui~brimbetweenthetworates-occursat a smallerdegreeof
dissociationthanat lowdensities.Therefore>at~gh densities)
.
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dissociationdoesnotcontinueumtilthe
approacheszero.
.
Thisreservation,that
expectedtobecomeinaccurateata value
27
concentrationf 02 (orof N2)
theresultsascalculatedcanbe
ofthetimepsrsmeter()02Ot
thatdependson,,theinitialdensity,isdiscussedfurth~in “Results
. andDiscussion.
Thecomputationsconsistedof a stiultaneoussolutionof equations(38)
(40),and(41)andastiultmeoussolutionof equations(39),(40),qnd
(41). Thecomputationsweremadeon a modifiedReevesElectronicAnalog
computer. Theuncertaintyintheresultsdue
believedtobe lessthan5 percent.
h orderto calculatetheMachnwnberat
dissociationfo~gen is ccmplete,thespeed
to analog-ccmputerer oris
station(4),wherethe
of soundwastakenaa
a= YRT‘/2()m-
where ~ isgivenby equation(26)and ~,theaveragespecific-heat
ratio,is
7’ P. =—P -1
. iftherateof changeofdegreeofdissociationwithdensitycanbe neg-
lected,asit canbe here. Ifthedissociationf o~gen is complete,
then,by equation(28),
-=7
i3~2(Q + I@)
($N2- ~ (N2)+ (PO- l)(o))
.
Therefore,
y = 1:35
and
a = 2,170T1/2 cm/sec
.
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RESULTSANDDISCUSSION
A&justmentofTranslation,Rotation,andVibration
.
Theresultsofthecomputationsofthechangesinthestateofthe
.
gasdueto theadjustmentoftranslation,rotation,andvibrationbehind
theshockwaveareshownintableIIforthreevaluesofthefree-stresm
Machnumber.Conditionsbehindtheshockwaveafteradjustmentofmole-
culartranslationa drotationwerecalculatedby useof equations(l).
Conditionsafteradjustmentofmolecu~ vibrationwerecalculatedby
useof equations(5),(6))(9)}~d (10).~ ~ge dropin‘-peratwe
dueto thetransferofener&yintovibrationistobe noted.
Theconcentrationofo~genmoleculesafterthecompletionfthese
adjustments(02)3,whichistskenastheinitialconcentrationatthe —
beginningof&.si;ciation(02).,
streamdensityby theequation
(02)5= 4.38
whichwasobtainedfromequations
canbe calculatedfora givenfree-
(a) EL Id@.
.
.
AdjustmentofDissociation
Theresultsofthecomputationsofthedissociationprocessreshown
-—
intableIIandf@ures1 and2. F&yre1 showsthecourseofthedisso.
ciationprocessofoxygenforthreevaluesofthetemperatureat sta-
tion(3)(threevaluesofthefree-stresmMachnumber)?Thefactthatthe
timerateofdissociationdependsgreatlyonthetemperatureis clear
fromanexaminationfthechangeinthemagmitudeofthehorizontal
—
scalesin figure1 aatheinitialtemperatureischanged.Thecooli’ng
of thegasduetodissociationis shownby thecurvesof T. Thefact
thattheprocesstakesplaceatnearlyconstantpressureis shownby
thecurvesofpressureratio.Theincreaseinthedensityof thega$,
dueto coolingssdissociationproceeds,isshownby thecurvesofden-
sityratio.Thedensityratiois less,however,thsntheinverseof
thetemperatureatio,becausethemolecular-weightra iadecreaaesas .-
thedegreeofdissociationi creases. .
In figurel(a),especially,thedegr??eofdissociationat
6.4x 1014‘o~e~~-secisgreaterthsnmightappearat firstglsnce —
becauseof thedensityincrease.Thevalueof (02)/(02)0is72Per- .-
cent,butthedegreeofdissociationf oxygenisnot100- 72,or
.
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28percent;but,becausethedensityhasincreasedby theratio
degreeofdissociationfoxygenis 100- 57,or43 percent.
a.
1.26,the
.
Figure2 showsthedissociationprocessofnitrogenfora free-stream
Machnumberof lk. (Theconditionsat t = O infig.2 wereobtainedby
extrapolationofthecurvesof fig.l(c)to completedissociationf
o~gen.) Themuchlowerspeedof thedissociationprocessofnitrogen
comparedwiththatofo~gen isobviousfrcma comparisonofthehorizon-
talscalesoffiguresl(b)and2 sincebothprocessesbeginat approxi-
matelythesametemperature.
Thechoiceofvariableforthehorizontalcoordinateoffigures1
and2 impliesthattheresultshowninthesefiguresapplyat allair
densities,astheydowiththefollowingexceptions:h obtainingthe
resultshown,therecombinationprocesswasneglected.Becausetherate
ofrecmabination(the‘[rate”referredto isdefinedsubsequentlyinthis
paragraph)isproportionalto thedensityandtherateofdissociationis
independentofthedensity,recombinationathighdensitiescannotbe
neglectedovertheentireextentof thecurves.Theupperlimitof the
densityforwhichtheresultsasshownsreapplicablecsmbe determined
by compsringtheratesofdissociationa drecombinationasgivenby the
equationsdevelopedinthepresentpaperforconditionsattheright-hand
endofthecurvesinthefigures,andby determining.thedensityatwhich
therateofrecombinationbecomesas largeas,forexsmple,10percentof
therateofdissociation.InthecomparisonshownintableIII,therate
of recanbinationf o~genwasdividedby 6.8fora temperatureof6,560°K,
8.1fora temperatureof4,6300.K,and8.9fora temperatureof3,450°K;
andtherateofrecombinationfnitrogenwasdividdby9 inordertomske
theratioofthespecific-rateconstsntsagreewiththeequilibriumcon-
stsnt.(Seethesectionentitled“ComparisonfEquilibriumConstants.”)
Theratesgivenforoxygen in table III refertotheabsolutevalueof the
quantity
()02
d (02)0
q%q
andfornitrogmtheratesrefertothecibsolutevalueof thequantity
Thelimitingvalueof (02)0is so chosenastomaketherateofrecob
binationaboutone-tenththerateofdissociationattheright-handend
.
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ofthecurves.ThelimitingdensityP. (or P3) correspondstothe
limitingconcentration(C@)o,andthelimitingdensityPI isthefree- ,
stresmdensitythatresultsinthedensityP. at station(3). The
limitingaltitude,thedensityaltitudecorrespondingtothelimitingpl, .
wastakenfrcmtable11ofreference20. .- —
Anothercheckontheupperlimitofthedensityforwhichthefull
extent..of...thecurvesisapplicablecanbe obtainedfromtable~ ofrefere-
nce 17whichgivestheequilibriumcompositionf airas”a functionof
pressure.Thetableis a ratheroughapproximationforthepresent
applicationbecauseitwascalculatedforequilibriumofboththeoxygen
andthenitrogm””dis”sociations,whereasequilibritiw~-notreachedin .
thepresentcalculationsor,whenthedissociationf oxygenwascalcu-
lated,wasthedissociationfnitrogenincluded.Nevertheless,useof
table5 ofreference17givesestimatedaltitudesthatsrequalitatively
in agreementwiththoseshownintable111ofthepresentpaper. .-
Thelimitingaltitudesshownintable111apply,asmentioned,at
theendsofthecurves(exceptforthebottomrowofthetable).The
curvesoffigure1 at smaller(lessthanfull-scale)valueson thehori-
zontalaxiswouldbe applicableat loweraltitudes(higherdensities)
becausetheslopeofthe (02)/(02)o curveincreasesastheoriginis
approached,andtheincreasedrateofdissociationmaycompensatefor .
theincreasedrateofreccnnbinationthatisduetotheincreaseddensity.
Thetentativetablesfortheupper”atyosphere(ref.20)showa chsnge -
inthecompositionfairat.highaltitudesduetothedissociationf
oxygenby solarradiation.Thetablessh~ completedissociationf”o~-
genat altitudesabove100kilometersinthedayandabove120kilometers
atnight,andpartialdissociationdownto80kilometer’sinthedayand
107kilometersatnight.Thepresentresultshould,therefore,not%e
expectedto applyataltitudeshighenoughthata significantlyarge
portionoftheoxygenisoriginallyina dissociatedstate.
.-
Figure1 canbeusedtodeterminethedistancebehindtheshock
waveatwhicha moderateor a largeportionof-theoxygenisdissoci~ted.““ “–-””
Forexsmple,at a Machnumberof 10with (02)ot=6_.4x1014,thetime t
is 0.13secondforan altitudeof 70,000meters.Fora localvelocity
of about4 X 104cm/see,thecorrespondin&distanceisabout5,000centi-
meters‘. Ontheotherhand,ata Machnumberof 14with (02)ot= 1 X 10W,
thevalueof t. is3 x 10-6secondforsiialtitudeof.35,000meters.For
a velocityof about5 x ld cm/see,thecorrespondingdistanceis0.~5centi-‘-
meter.Thesedistsncesare,of course,intheundisturbedmainstresm
behinda normalshockwave. *.
.
NACATN3634 31
Figure2 showsthatthedissociationfnitrogenisveryslow(com-
psredwiththatofoxygen),andtableIIIshowsthatappreciabledisso-
ciationofnitrogenoccursonlyatverysmalldensities.Forsmallden-
sities,however,thetimeforappreciabledissociationto occuris large
(comparedwiththelengthof a vehicledividedby thevelocityoftheair
behindtheshockwave].Thesefactsfsirlywellestablish(withinthe
assumptionsu edinthepresentcalculations)thatthedissociationf
hitrogenforflightatMachnumberslessthsm14at~ altitudecannot.
proceedfarenoughto causeanysignificanteffectonthepropertiesof
airand,therefore,willnotproduceanysignificantaerodynamiceffect
withinthelengthof aqyconceivablev hicle.1 (Referringtotheentire
lengthof a vehicleisbeingconservative,aaexpansionsmound corners
wouldreducetheairtemperature,therateofdissociation,andtheequi-
libriumdegreeofdissociation.Useof300°K probablyisalsoconserva-
tive,asref.21 showsmeasuredvaluesconsiderabl.ybelowthat.)This
resultism.instantiatedby thefollowingexamples:For (02jot= 6.4x 1016
infigure2, atthelimitingaltitudeofX,CKJOmeters,(02)0= 3=5x low
and,therefore,t = 180seconds.Evenfor ()02Ot= 0.064x1016,
t = 1.8seconds.Inasmuchas u = 5 X ld cm/see,thecorresponding
distancebehindtheshockwaveis9 X I& centimeters.At higheralti-
tudes(higherthanthelimitingaltitude)where ()020 issmaller,t
is greater.At loweraltitudes,theresultsat ()02Ot= 6.4X1016 do
notapply,butthoseat smallervaluesof (02)otmayapply.Chsider,
forexample,()02Ot= 0.2)(lo~. (Belowthisvaluethedegreeof disso-
ciationis certainlytoosmalltohaveanyhrportsntaerodynamicsignifi-
cance.) Theresultswillbe appliedatthelowestaltitudeforwhichthe
recombinationrateisnottoolarge.h thebottanrowoftableIIIfor
nitrogen,thelimitingvalueof (02)0 isdeterminedtobe 4.4X 1016.
Therefore,t = O.& secondand tu = 2 X 1~ centimeters.Torecapitu-
late,athigh,mdlowaltitudesthedissociationfnitrogenistooslow
atMachnumberslessthan14fora significantdegreeofdissociationto
occur@thin thelengthof a vehicle.
Oneotherconditionforthedissociationfnitrogenshouldbe consid-
ered. Forflightsat altitudeswheretheoxygenis canpletelydissoci-
atedby thesun’sradiation(100,~ meterssndaboveinthed@Ane),
thedissociationfnitrogenwillnotbe precededby thethermaldissoci-
ationofoxygen(whichcausesa largedropintemperature)andjtherefore,
willoccurata highertemperatureandata greaterate.A simple
lItshouldbestressedthatthisresultdoesnotnecessarilyapply
fortheslowerflowintheboundarylsyer.
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approximatecalculationismadeheretodeterminewhethertherateis
sufficientlyincreasedthata significantdegreeofdissociationcan
occurwithinthelengthofa vehicle.Theonlychangeintheratewill #
be thatduetoincreasedtanperature,bec-mseinbothcasescmnplete
dissociationfo~gen occursbeforethedissociationfnitrogenbegins.
Theratewill,therefore,be increasedby theproductoftheratioof +
thesqumerootsofthetemperaturesandtheratiooftheBoltzmannfac-
,tors. Inonecase,theinitialtemperatureis T3 (eqyalto8,85PK),
and,intheother,is T&
therefore,increasedby a
thatis consistentwitha
0.2x lQ16 infigure2.
(equalto6,6400K). be initialrateis,
factorof 142. Thesmallestvalueof ()o~ Ot
reasonabLedegreeofdissociationIsabout
Withthenewrate,thisvaluebecomesapproxi-
mately1.4X 1013.At thelowestaltitude(100,000meters),thetimeis
smallest(0.16second).If u=7X 1+ qn/see,thistimecorresponds
to a
been
distanceofabout8 X 103centimeters.
CONCUJDllJGREMARKS
Thepresentcalculationsoftherateofdissociationf airhave .
basedon availabletheoryandavailableexperimentalresultswith
othergases.Theresultsof thecalculationsrepresentanextensionof
BetheandTeller’sworkinthatthepresentresultsfollowthedis- .
sociationprocessfrcmitsinitiationtotheapproachto equilibrium
andinthattheyapplytoa rangeofdensities.Theresultshowthat
thedistancebehinda normalshockwaverequirti-fora moderatelylarge
fractionoftheoxygentodissociatevarieswidelywithMachnumber-tid
density,fromapproximatelyhundredsofmetersto a fractionof amilli-
meter.,Thedistancerequiredfora significantportionofthenitrogen
todissociate(outsidetheboundarylayer)isshowntobe greaterthsm
thelengthof a vehicleatanydensityandatanyMachnumberlessthan
14.
LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,
kngleyField,Vs.,January 3,1956.
.
IT; NACATN3634 33
1.
2.
3.
k.
6.
7“
.
. 8.
9.
10.
11.
1.2.
13.
Bethe,H.A.,andTeller,E.: DeviationsFromThermalEquilibrium
inShockWaves.Rep.No.X-117,BallisticRes.Ia.b., Aberdeen
ProvingGround,1945.
Bethe,H.A.: TheSpecificHeatofAirup to 25,000°C.
(SerialNo.171),NDRC,Div.B,Feb.9, 1942.
OSRDNo.369
GMstone, Ssmuel,Laidler,KeithJ.,and~ing, Henry:TheTheory
ofRateProcesses.Firstcd.,McGraw-HillBookCo.,fit.,1941.
Kemard,EarleH.: KineticTheoryof Gases.McGraw-HillBookCo.,
Inc.,1938>p. 148.
Chapman,Sydney,andCowling,T. G.: !EbeMathematicalTheoryofNon-
UniformGases.CsmbridgeUniv.Press,1939,p. 229.
Fowkr,R. H.,andGuggenheim,E.A.: Statistical‘ hemmdynsmics.
TheMacmillanCo.,1939,pp.506-508.
Noyes,WilHsmAlbert,Jr.,andLeighton,PhilipAlbert:ThePhoto-
chemistryof Gases.ReinholdPub.Corp.(NewYork),191, pp.170,
171,177,179,180.
Brix,P.,endHerzberg,G.: FineStructureoftheSchumann-Runge
BandsNeartheConvergenceLimitandtheDissociationE ergyofthe
OxygenMolecule.camdia JOU. mYS.) VO1. 32,no.2,Feb.l@,
pp.110-135.
Gaydon,A. G.: DissociationE ergiesandSpectraofDiatomicMolecules.
ChapmanandHall,Ltd.(London),1947.
TJIomas,N. Gaydon,A. G.,andBrewer,L.: CyanogenFlsmesandthe
DissociationEuerw of N2. Jour.Chem.PhYs=,VO1.20~no.3,
M=. 1952,pp.369-374.
Kistiakows@,G.B.,Khight,HerbertT.,andMalin,MurrayE.: Gaseous
Detonations.III.DissociationE ergiesofNitrogenandCarbon
Monoxide.Jour.Chem.Phys.,VO1. 20,no.5,May 1952,pp.876-883.
Hendrie,J.M.: Dissociation~ergy of N2. Jour.Chem.Phys.,
vol.22,no.9,Sept.1954,PP. 1503-1507.
Herzfeld,KarlF.: fierdieZerfalkgeschwindigkeitderMolekqle.
Zeitschr.f. Physik.,VO1.8, 1922,pp. 132-136.
.
34 NACATN3634
14.Kassel,LouisS.: TheKineticsofHcmmgeneousGasReactions.The
ChemicalCatalogCo., tic.(N=york~,,1932,PP.78,177,~d 248. .
15.Bates,DavidR.,andNicolet,Marcel:ThePhotochemistryofAtmos-
phericWaterVapor.Jour.Geophys.Res.,vol.55,no.3,Sept. l
1950,pp.301-327. -.
16,Christie,M. I.,Norrish,R. G.W.,andPorter,G.: !CbeReccmihination
—
ofAtoms.I.IodineAtomsintheRareGases.Proc.Roy.Sot.
(London),ser.A.,vol.216,no.113, Jan.22,1953,pp.152-165.
17.Krieger,F. J._., and White,W.B.: TheCompositiona dThermodynamic
PropertiesofAiratTemperaturesFrom500to 8,0000K andPressures
FromO.0~01to 100Atmospheres.U.-S.AirForceProjectw
Rep.R-149,TheRandCorp.,Apr.15,1949.
18.Rice;O.K.: On theRecombinationfIodineandBramineAtcmw.Jour.
Chem.Phys.,vol.9,no.9,Msr.@.1, Pp.258-262.
—
19.Marshall,Royal,andDavidson,Norman:PhotoelectricObservationf
theRateofRecombinationf IodineAtoms.Jour.C&m. Phys.,
vol.21,no.4, Apr.1953,pp.639-664.
20.Wsrfield,CalvinN.: TentativeTsblesforthePropertiesof theUpper “
Atmosphere.NACATN 1200,1947.
21.TheRocketPanel:Pressures,Densities,andTemperaturesin theUpper “
Atmosphere.Phys.Rev.,VU1.88,no.5, Secondser.,Dec.1,1952, –
pp.1027-1032.
.
.
NACATN36%
TABLEI.-COMPARISONFEQJJILD3RIUMCONSTANTS
.
l
.
‘P %
T=pe;;tw ‘ (fromratioof rate (fromref.17, ~ti:fof;@Js
constants), a.tm corrected),atm
O~gen
4,000 0.2576 2.182 0.118
4,500 1.506 L2.21 .123
~,ooo 6.270 48.42 .129
5>500 20.32 149.8 .136
6,000 54.k9 384.8 .142
7,(X)0 261.5 1,706 .153
8,0cQ 863.2 5,258 .164
Nitrogen
4,000 3.285x 10-7 3.087x 104 0.106
4,500 8.609x 10-6 7.936X 10-5 .log
5,000 1.187x10-4 l.o~x 10-3 .110
5,5~ 1.025x 10-3 9.198x 10-3 .111
6,000 6.229x 10-3 5.551X10-2 .112
7,000 1.080x 10-1 9.629x10-1 .112
8,000 9.340X10-1 8.503 .110
TK31E II.- COIKIE2DM’8 M! VAEICZM 29!A!IzG3z+
_, -—
! I /l I I I I II
joa 10 3.3xI.& 6,n6O.* 6.1X KJ4 5.7 116 k,622 0.% 4.4 x d
& 12 4.21 0,683 .39 7.3 5.8 369 6,3CA .54 5.!?
m I-h 11.g 11,716 .38 8.h 5.8 2%3 8,&57 .% 6.1
‘3p2 E5p2 ~ %!+ ,& %/’9 M5 q%
1.4 l.ti ..— -- “— --- —-- —
1.4 1.0s 4,m 0.>2 3.8X l!+ 1.s 1.03 0.83
l.h1.!% 6,4bo .30 >.2 l.lfl1.03 .85
wM 4.0X I& 2.9X I.O-h 9.4X 10-33 X (C-& mm7.0 x K@ 1.1 x K@ . Lb,x 1o-7 ‘p, m2.7x lo-u 9.1X u+ 1.1x ti ba,fm$?.8x lcw 6.8x 10+ tu x 1o-6 m,mm-
L4 6.k X + b.6X 10-18 1.3 X V33 X (C@. 3.5x II@ k.6x WV 7.8x M@ g.ax 10+ go,mo
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Figure1.-Dissociation of oxygen in air behind
4J 4.4 4.0 b: M E.n 8.4 x 1014
a normal shock wave.
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Figure 1.- Continwd.
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Figure 2.- Disfiociationof nitrogen In air behind a normal shock wave. E3
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